Cattle are divided into 2 groups referred to as taurine and indicine, both of which have been under strong artificial selection due to their importance for human nutrition. A side effect of this domestication includes a loss of genetic diversity within each specialized breed. Recently, the first taurine genome was sequenced and assembled, allowing for a better understanding of this ruminant species. However, genetic information from indicine breeds has been limited. Here, we present the first genome sequence of an indicine breed (Nellore) generated with 52X coverage by SOLiD sequencing platform. As expected, both genomes share high similarity at the nucleotide level for all autosomes and the X chromosome. Regarding the Y chromosome, the homology was considerably lower, most likely due to uncompleted assembly of the taurine Y chromosome. We were also able to cover 97% of the annotated taurine protein-coding genes.
Domestic cattle comprise more than 800 breeds that are artificially grouped into 2 species, Bos taurus (taurine) and B. indicus (indicine or zebu). Several phenotypic differences have been described between indicine and taurine cattle (Bradley and Magee 2006) , the most notable of which is a prominent hump over the shoulder and neck in indicine cattle. Important physiological advantages of indicine cattle over taurine cattle include greater resistance to heat, less susceptibility to ticks and gastrointestinal parasites, and a lower metabolic rate and nutrient requirements.
Origins of indicine and taurine are controversial among the archaeologists who have reached no consensus about their centers of domestication. However, analysis of mitochondrial DNA sequences has shown divergence of .250 thousand years between these 2 types, indicating at least 2 distinct centers (Bradley et al. 1996) . Y-chromosome data also support more than one center and point to genetic introgression as an important event for modern cattle evolution (Pérez-Pardal et al. 2010) .
Among the major meat and milk producing countries, the global distribution of herds shows the predominant use of taurine in European countries and Argentina, whereas indicine cattle predominantly form Indian, Brazilian, southern United States, northern Australia, and southern China herds.
Cattle breeds selected for beef and dairy production constitute major nutritional sources for human populations. As ruminants, they are specialized in converting low-grade forage into energy-rich fat, milk, and muscle. This importance has led humans to exert strong selection pressures on these breeds by forming herds using a small number of founder animals, which exhibit the phenotype of interest. Side effects of this process are significant reductions in genetic diversity (Taberlet et al. 2009 ) leading to metabolic, reproduction, and health problems (Rauw et al. 1998) . Moreover, less productive breeds are usually neglected, which in turn can lead to their extinction, as it has already for 209 cattle breeds (Food and Agriculture Organization of the United Nations 2007). These developments have profound impacts on the species, especially considering that wild cattle no longer exist and that all surviving genetic diversity is now present in domestic animals. Therefore, a better understanding of cattle genetics could help us reduce some of these undesirable effects.
Recently, DNA taken from a Hereford taurine breed sire and daughter (Dominette 01449) was sequenced (Elsik et al. 2009) , assembled by 2 different groups (Burt 2009) , and annotated (Reese et al. 2010; Childers et al. 2011) . Although based on the same sequence data generated by The Bovine Genome Sequencing and Analysis Consortium, 2 different genome assemblies were generated using different approaches. BCM4 (Liu et al. 2009 ) was assembled by combining whole-genome shotgun reads, and bacterial artificial chromosomes sequences leading to a 2.54 Giga base-pair (Gbp) assembled genome. UMD2 (Zimin et al. 2009 ) utilized paired-end sequence information, mapping data, and the human genome to assemble contigs, leading to a 2.62 Gbp sequence that includes a tentative chromosome Y. These were important early steps toward revealing the genetic characteristics of ruminant species (Moore 2009 ).
Here, we present the first genome of the indicine species and compare it with both previously published assemblies of a taurine genome. This may help to provide insights into the underlying genes and variants contributing to these traits. Furthermore, we compared the protein-coding genes annotated in the B. taurus genome with those present in our assembled genome. The animal used was a male Brazilian Nellore, a breed imported from India mainly in the first half of the 20th century. In Brazil, Nellore was developed for beef production and represents the most commonly used breed due to its tolerance to high temperatures.
Materials and Methods

Animal Selection and DNA Extraction
We used a Nellore sire born on 14 December 2004 and registered at ''Associac xão Brasileira de Criadores de Zebuino (ABCZ)'' as QUIL7308 (Figure 1 ). The selected animal is rated in the top 0.1% for some phenotypic traits of economic impact. Currently, the animal is kept at ''CRV Lagoa'' (http://www.crvlagoa.com.br), where his semen is collected and marketed throughout the country.
The peripheral blood mononuclear cells (PBMC) samples were collected from the jugular vein using EDTA as anticoagulant. Then, genomic DNA was extracted from PBMCs using the QIAamp DNA Mini Kit (QIAGEN) according to manufacturer's instructions. Lastly, genomic DNA was recovered in Tris-HCl pH 8.0 at 50 mM and quantified using Nanodrop. Approximately, 500 lg of genomic DNA was used in the construction of libraries and subsequent sequencing.
Genome Sequencing and Assembly
Approximately 4 billion usable reads were generated on an ABI SOLiD sequencing platform. Of these, 2.2 billion have read lengths of 50 nt and 1.8 billion have read lengths of 25 nt. The reads were organized in 6 libraries: 2 single-read 50 nt-read libraries (with 0.7 billion reads altogether), 2 matepaired 25 nt-read libraries (with a total of 1.8 billion reads), and 2 mate-paired 50 nt-read libraries (totaling 1.5 billion reads). The insert sizes used in sequencing were: 110 bp for single-read libraries, 1.3-2.5 Kb for the 25 nt mate-paired libraries, and 1-2 Kb for the 50 nt mate-paired libraries. Table 1 summarizes read distribution in the libraries. Quality control removed 2% of the reads, which for at least one position had no base set. The remaining reads provided 52X coverage of the indicine genome, with 58.07% of these reads having median quality between 20 and 35 (never exceeding 35) and 17.69% having median quality less than 10.
Read alignment was executed against the 2 B. taurus reference genomes in parallel, both deposited at NCBI: Project ID:13366 (Liu et al. 2009 Alignment was performed with BWA (Burrows-Wheeler Alignment tool) , in 3 steps: 1) reference genome indexing; 2) find read coordinates in the reference; and 3) generate the alignments in Sequence Alignment Map (SAM) format. Steps (1) and (2) included the -c option, suitable for SOLiD reads. In step (2), after several tests, we included options -c -t -m 7 and -R 25 (this last one for 50 bp libraries only). The -t option is for multithreading. In step (3), -t is not possible, but we optimized memory use with the -P option. The package SAMtools ) was used to process the SAM files in order to visualize the alignments and obtain the consensus sequences for each library. To build a consensus including all libraries, the SAM files were concatenated and converted to a BAM file, which was fed to the pileup SAMtool. To further evaluate the assembly, we used base qualities of the generated contigs, and also the N50 metric. Base qualities, as reported by BWA, are based on the PHRED quality scale (Ewing and Green 1998), a de facto standard for genome assemblies. The N50 metric is the size of the smallest contig that has to be considered to cover at least 50% of a sequence (in our case, each chromosome). High values of N50 indicate better assemblies.
Protein-Coding Gene Comparison
The B. indicus assembled genome was used to search for coding genes (proteins) annotated in the B. taurus BCM4 assembled genome (Reese et al. 2010; Childers et al. 2011 ). The 29 autosomal chromosomes and the X chromosome were compared with a total of 20 151 NCBI B. taurus coding genes, extracted from the B. taurus annotation. Each B. taurus coding gene was initially compared using tblastn (Altschul et al. 1997 ) with the corresponding B. indicus chromosome. If no significant hits were found, a new tblastn comparison was performed against the entire B. indicus genome. All tblastn runs used the default parameters, except that we disabled masking of low complexity regions. A challenge with the tblastn approach is that a B. taurus coding gene may still produce a very good hit even if its sequence is missing from B. indicus, due to the presence of paralogs or conserved domains. To complement the analysis, we also looked for coding genes in B. taurus contained in regions not covered by the B. indicus reads.
Codon usage of B. indicus was comparable to that of B. taurus (BCM4 reference). For BCM4, DNA-coding sequences were obtained from NCBI, and the frequency of each of the 64 codons was observed. For B. indicus, codon usage was computed based on regions used in our annotation.
Results and Discussion
The B. indicus genome alignment against reference BCM4 (Liu et al. 2009) Tables 2 and 3 summarizes and compares the coverage against both reference assemblies for contigs larger than 200 bp.
The average quality of assembled contigs, considering contigs larger than 200 bp only, reaches around 100 points in PHRED scale, meaning less than one error per 10 billion bases, for the 29 autosomes of both assemblies. Chromosome X yielded lower average base qualities (72-75), and for chromosome Y, we had even poorer results (less than 20), which was partly expected, due to the unfinished status of the Y.
Regarding the N50 metric, related to the ability of constructing long stretches from the reads, we obtained results averaging about 26 000 for autosomes in the BCM4 assembly, and slightly lower near 23 000 for autosomes in the UMD2 assembly. For chromosome X the values were about half of these, and for Y, 2 orders of magnitude lower. The autosomal values are surprisingly close, probably because these are reference assemblies. The values per se seem to be lower than in similar projects, which may mean that we were too strict in our assembly thresholds.
Supplementary Table 1 presents average size and coverage for all contigs. Figure 2 illustrates the total contig sizes for each chromosome against BCM4 reference (red) and UMD2 reference (yellow).
Overall, the results using the 2 assemblies are similar and together suggest a high level of similarity between the taurine and the indicine genomes, although differences are definitely apparent. Additionally, sequences possibly present in B. indicus but absent in B. taurus will not be revealed by this approach. Assembly-specific differences are easily noted almost uniformly for each and every autosome (Figure 2) , which is not surprising, given that the assemblies were produced using different approaches. Various metrics suggest that the UMD2 assembly is more accurate (Zimin et al. 2009 ) than the BCM4 assembly, a fact that could explain the better coverage obtained in this work using UMD2.
Worth noting is also the discrepancy in size for the assembly of the X chromosome between both reference genomes. UMD2 assigned 136 Mbp of sequence to the X chromosome, whereas 83 Mbp was assigned by BCM4. Interestingly, the trend in coverage rate observed for the 29 indicine autosomes remained in the same range for chromosome X (Tables 2 and 3) , regardless of one being 56% of the other's size.
One and a half billion indicine reads were not able to align against the BCM4 taurine 30 chromosomes (29 autosomes plus X). These were used for the assembly of the Y chromosome. Alignment against the reference Chromosome Y provided by Baylor College of Medicine (unpublished) resulted in 257 919 contigs and 65% coverage, whereas alignment against the Y reference in 1 051 843 bp), respectively. The effort of completing the bovine chromosome Y is an ongoing and still unfinished project, and the differing coverage and in general low coverage observed in this work likely reflect the incomplete nature of the reference assemblies. With that in mind, a proper comparison and more conclusive evaluation of the Y chromosome information awaits to be completed. Almost all of the B. taurus protein-coding genes (99.98%) were found in the B. indicus genome with the default tblastn parameters. The sequence comparisons conducted revealed just 2 proteins with no hits whatsoever: gi|297466360|ref|-XP_002704465.1| (PREDICTED: hypothetical protein) on chromosome 5 and gi|118151338|ref|NP_001071601.1| (beta-defensin) on chromosome 27. More definitive experiments will be required to establish that the coding sequences for these proteins are truly missing in B. indicus. The coverage (% of length) for each reference protein-coding gene was calculated, as well as the arithmetic mean coverage and the weighted mean coverage (weighted by the length of the proteins) for each chromosome, which can be viewed as the exon percent coverage across the entire chromosome (Table 4) . These values show that the protein-coding genes known in the cattle genome are well represented in our assembly of the B. indicus genome, with 98.24% of exon coverage overall. In addition, looking at the coverage of B. taurus protein-coding genes by the B. indicus assembly, we found out that 97.03% of the genes have at least 90% of their length covered by our reads. This number rises to 99.43% if considered genes covered at least 50% by B. indicus reads.
With respect to codon usage, comparison between B. indicus and B. taurus BCM4 showed that, for most amino acids, the difference between relative preferences for a particular codon is at most 5%. The exceptions are: Only contigs larger than 200 bp are considered. For each chromosome, we list its number, total size, average size of mapped contigs, coverage by mapped contigs, N50 measure (smallest contig size threshold needed to cover at least 50% of the chromosome), average base quality of mapped contigs (PHRED scale, as reported by BWA). Chromosome Y appears after the totals because it was mapped separately from the other chromosomes. Figure 2 . Mapping of all contigs (larger than 200 bp) from the indicine bull QUIL7308 against autosomal and X chromosomes of taurine genomes BCM4 and UMD2. Bars show the total size of indicine contigs mapped against BCM4 and UMD2, in red and yellow, respectively. Overall, larger contigs were obtained in the mapped against UMD2, although values and patterns are very similar in both reference assemblies. In addition, X chromosome comparisons generate different results due to size divergences between UMD2 and BCM4.
B. taurus prefers the GTG Valine codon 8.5% above B. indicus and the TGA Stop codon 14% above B. indicus.
Conclusions
Two interesting conclusions can be drawn. First, the approach of assembling an entire genome using very short DNA reads (25 and 50 nt) from small DNA insertion libraries (110 bp to 2 kb) can produce satisfactory results, as indicated here by the high coverage obtained. However, this approach is only feasible if the genome of a very closely related species is already available as a template. Second, although these 2 breeds were probably domesticated independently and following different migration routes (Caramelli 2006) , they have been separated from each other by a short period of time (200 KYA-1 Ma). Hence, if confirmed by further experiments, the 2 taurine proteins absent in the indicine genome would be very intriguing.
Supplementary Material
Supplementary material can be found at http://www. jhered.oxfordjournals.org/.
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